The suitability of total carbonate production instead of oxygen consumption as a measure of benthic respiration has been investigated. In situ fluxes of total carbonate, oxygen, calcium, total alkalinity, nutrients, and sulfide across the sediment-water interface were measured in diveroperated benthic flux chambers. Two chambers were run in parallel to test the influence of oxygen and pH levels on total carbonate production. In one, oxygen and pH were kept constant near ambient levels; in the other, benthic respiration was allowed to deplete oxygen and lower the pH. We found that the flux of total carbonate, corrected for CaCO, precipitation/dissolution, is a suitable measure of benthic mineralization in sediments where methane production can be neglected. The production rate of total carbonate was not seriously affected as long as the oxygen concentration remained > 100 PM.
An important part of the oxidation of organic matter in the aquatic environment takes place in the sediment, especially at the sediment-water interface, and is mediated by benthic micro-and macroorganisms. The shallower the sea, the more important is the sediment in this process relative to the water column (e.g. Smith 1974 ). The method most commonly used to determ.ine benthic community metabolism is the measurement of oxygen consumption rates, that is the flux of oxygen from the water into the sediment. This method has been criticized (Pamatmat 1975; Hargrave and Phillips 198 1) for its inability to take into account anaerobic respiration, i.e. the respiration with electron acceptors other than oxygen. In the deep sea, oxygen consumption accounts for > 90% of benthic mineralization (Bender and Heggie 1984) . In coastal environments, however, an appreciable part of the metabolism proceeds through pathways of nitrate, manganese, iron, and sulfate respiration (Jsrgensen 1977; Sorensen et al. 1979; Goldhaber et al. 1977) . Part of this anaerobic respiration, including what is often with some confusion called "chemical oxidation," is included in the benthic oxygen uptake through oxidation of reduced nitrogen, ' manganese, iron, and sulfur compounds (Sorensen 1982) . The role of anaerobic respiration and the extent to which it is included in the oxygen consumption measurement depend on the balance of supply and demand of electron acceptors in the sediment and are not easily quantifiable. The oxygen consumption rate is therefore not an ideal measure of benthic mineralization in coastal sediments.
The production of total carbonate (C,, also called X02), measured as the release of Ct from the sediment to the overlying water, has been used as an alternative method (Teal and Kanwisher 196 1; Hargrave and Phillips 198 1) . This method has two major advantages. First, it covers both aerobic and anaerobic mineralization since both yield CO, as the ultimate oxidation product of carbon. Second, since mass transfer relationships in the benthic food web are preferably expressed in terms of carbon, the measurement of carbonate production circumvents the use of a vague quantity such as the respiration coefficient or assumptions about the chemical composition of the decomposing organic matter, required if oxygen consumption data are to be converted to carbon equivalents. The main problems of the Ct production method are that Ct production is influenced by dissolution or precipitation of CaCO,; that chemoautotrophic bacteria assimilate CO,; and that methane production consumes CO2 (Pamatmat 1975; Hargrave and Phillips 198 1) . 319
Where both O2 consumption and Ct production have been measured simultaneously, C: 0 ratios as high as 4 have sometimes been found (Rich 1975; Hargrave and Phillips 198 1) and explained as the result of a very high contribution of anaerobic respiration. The difficulty with this explanation is that it requires that reduced compounds, mostly sulfide minerals (as sulfate is the most likely electron acceptor for anaerobic mineralization in marine sediments), be buried at unusually high rates. Similar problems arise where reported sulfate reduction rates are greatly in excess of the equivalent oxygen consumption rates (Howarth and Teal 1979) . Howes et al. (1984) attribute this SO,/ O2 discrepancy to errors in measurements of sulfate reduction rates. The C/O, discrepancy suggests that there may be problems involved with either measuring or interpreting C : 0 ratios. The incubation method itself may interfere with 0, and Ct fluxes, since O2 and pH decrease during incubation as a result of benthic respiration. Also, dissolution or precipitation of calcium carbonate may affect the measured Ct flux; the latter was mentioned in earlier studies as a possible problem, but has not been quantitatively accounted for.
We describe here an experiment designed to investigate the effect that decreasing levels of 0, and pH during incubation might have on Ct production. The results show that benthic mineralization in sediments where methane production is negligible can be suitably measured through total carbonate production when appropriate corrections for CaCO, dissolution are made. The possibility of estimating the amount of anaerobic mineralization from 0, and Ci data is discussed.
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Materials and methods
Oxygen uptake and total carbonate, calcium, sulfide, and nutrient release were measured in situ with benthic flux chambers at 6-m depth near Kristineberg Marine Biological Station in Gullmarsfjorden, western Sweden. The chambers, described elsewhere (Rutgers van der Loeff et al. 1984; Hall 1984) , were made of 3 5-cm-long sections of 50-cm-diameter Plexiglas tube. When placed 5 cm into the sediment, they contained 60 liters of water. The chambers were equipped with a 5-cm Teflon-coated magnetic stirring bar revolving at 60 r-pm, Teflon valves for sampling and for injection of reagent, and a polyethylene bag used to compensate the volume removed during sampling. One of the chambers was also equipped with a coil of Teflon tubing through which oxygen gas, supplied under pressure from the surface, could diffuse into the chamber. The chambers were placed in position and sampled by divers; they were darkened to prevent primary production during incubation. Benthic chambers do interfere with the natural circumstances at the sediment-water interface by eliminating the supply of organic matter to the sediment and by disturbing the flow regime (Sundby et al. in press) . In spite of this drawback, benthic chambers are the best technique available for the study of certain exchange processes, but it should be kept in mind that absolute values of the fluxes may be affected.
Major element composition of the sediment is given by Sundby et al. (in press ). Since the Ca content of the surface sediment is 0.8 l%, the CaCO, content is < 2%.
We will discuss data from two experiments: KMBS V in winter 1982, temperature -l"C, ice-cover; and KMBS VI in fall 1982, temperature 10°C. Two darkened chambers were run in parallel. One was allowed to become anoxic (unregulated chamber); in the other, oxygen and pH were kept at about their original levels (regulated chamber). During the winter experiment a third chamber was used in which the oxygen level but not the pH was regulated; this chamber covered the same surface area but contained twice as much water. Samples for oxygen and sulfide were collected in glass syringes, others in plastic syringes. Oxygen (Winkler titration), sulfide (according to Cline 1969) , and pH (according to Almgren et al. 1975) were determined in the laboratory immediately after sampling.
Total alkalinity (AJ was determined by titration with the method of Anderson and Wedborg (1983) , calcium by the method of Anderson and Graneli (1982) , nitrite and nitrate according to Anderson (1979) , and ammonium following a modified Solorzano (1969) method. These determinations were made at the end of each experiment series. Nutrient samples were stored filtered and frozen. A, and calcium samples were preserved by adding three drops of chloroform to 50 ml of sample. Sediment cores were taken by divers close to the chambers at day 25 of the fall (KMBS VI) experiment, and extruded under nitrogen. Porewater samples were obtained by centrifugation and analyzed for A,, pH, Ca2+, HS-, and nutrients by the analytical procedures above, and for Cl-(by titration) and SOd2-(by turbidimetry after precipitation as BaSO,).
The determination of total carbonate production can proceed along various analytical lines. Smith and Key (1975) pointed out that many studies of benthic community metabolism have not made a proper selection of the parameters of the CO2 system that are to be measured. One possible method, used by Hargrave and Phillips (198 l) , is the determination of CO, by gas chromatography after acidification and stripping of the water sample. We preferred the classical method and calculated Ct from A, and pH measurements (Skirrow 1975 ). This method is precise (+0.2%), and A, and pH are valuable parameters for interpreting the results as they give information on the extent of anaerobic mineralization and, via the carbonate ion concentration, on the corrosiveness of the water with regard to CaCO,. Since we determined pH on the Hansson pH scale, we also made our calculations using the equilibrium constants on that scale (Hansson 1973a,b) . The total carbonate concentration that is calculated directly from the titration data could not be used since CO2 could have been lost during sample storage.
Results
The evolution of 02, Ct, and HS-concentrations in the water overlying the sediment is shown in Figs. 1 and 2. pH in the unregulated chamber declined from 8.09 to 7.60 in the winter experiment and from 8.08 to 7.33 in the fall experiment. In the regulated chamber, pH was kept between 8.00 and 8.21 in winter and between 7.82 and 8.10 (with one exception, 7.58 on day 54) in fall. The evolution of the Ca2' concentration during the fall experiment is shown in Fig. 3 . Net fluxes, including fluxes of OT(PM) H,S(uM) TIME (DAYS ) Fig. 2 . As Fig. 1 , but during the fall experiment (KMBS VI). The leveling off of total carbonate and sulfide that took place after 3-4 weeks in the two chambers was attributed to depletion of easily degradable organic matter. NH4+, N03-, A,, and Ca2+, are calculated from the rate of concentration change, multiplied by the water volume (60 liters), and divided by the sediment surface area (0.2 m2) ( Table 1 ). The errors indicated are the statistical standard errors of the slopes, calculated according to Chatterjee and Price (1977) . The oxygen flux is the initial oxygen consumption rate, calculated from a linear fit to the data down to 100 PM 02. Below this value, the plot of oxygen vs. time becomes increasingly nonlinear as the uptake becomes transport controlled (Hall 1984) . The porewater Ct and calcium concentration profiles for the fall experiment are presented in Figs. 4 and 5. The calcium concentration in the bottom water at the time we took the cores (day 25) was higher than inside the chambers because the salinity had increased by 5 g kg-l since the start of the experiment. No salinity gradient was observed in this core.
The changes in C, and A, concentration due to CaCO, dissolution or precipitation were evaluated from changes in the Ca2+ concentration in the water. The corrected total carbonate flux, which we call Cl*, was obtained from the rate of change of (CtCa) in the water. For the winter experiment the correction did not change the net fluxes sume that there is no differential buildup of but increased the standard error somewhat. Ca2+ and C, or A, in the porewater during The results for the fall experiment are pre-the experiment as a result of different difsented in Table 1 . The measured changes fusion coefficients. We also assume that disin Ca2+, C,, and A, concentrations result from solution of carbonates of cations other than reactions both at the sediment-water inter-Ca*+ is negligible, an assumption that can face and within the sediment. When cor-be checked by additional measurements of, recting Ct and A, production for carbonate e.g., Mg (Balzer and Wefer 198 1). Since dissolution using Ca2+ production, we as-MgC03 accounts at most for about 30 mol% of the inorganic carbonates, the error caused by the neglect of Mg is 23% of the Ct* production rate in the oxic and < 18% in the anoxic chamber. In manganese-rich sediments, precipitation of MnCO, as a result of increased manganese reduction during incubation (Balzer 1978; Hall 1984) should also be considered. In our experiments, the sediment contained 6-8 pmol g-l Mn, of which only 0.4 prnol g-l was extractable with hydroxylamine.
Discussion from the porewater during the fall experiment from the concentration gradient in Fig.  4 . The flux calculated in this way between the upper sediment slice and the overlying water is 15 mmol m-2 d-l, somewhat smaller than the measured flux of 15.5-19.5 mmol m-2 d-l, but still in fair agreement considering the relatively coarse depth resolution of 1 cm. From the profile, the diffusive C1 flux below the first 0.5 cm is only 2.0 mmol m-2 d-l, an indication that the mineralization activity is concentrated near the sediment-water interface.
Production of total carbonate in the regProduction of total carbonate in the unulated chamber-When oxygen and pH were regulated chamber-Although, in principle, maintained near their ambient levels, the the regulated chamber is the preferred exproduction rate of Cl* (total carbonate cor-perimental setup for measuring Ct* prorected for CaCO, dissolution) was constant duction, it is in practice much more confor about 20 days in the fall experiment and venient to study fluxes without having to for as long as 40 days in the winter exper-maintain oxygen and pH near their ambient iment. The production of C,* is a result of values. Moreover, in a closed system oxygen all benthic carbon mineralization processes, consumption rates can be measured easily including fermentation, with the exception and accurately, while with a chemostat exof methane formation. Although methane periment it is more difficult to measure the formation can occur in the presence of sul-consumption of oxygen with the same defate (Oremland and Polcin 1982) , the rates gree of accuracy. It is therefore reassuring are very low compared to sulfate reduction to note that during the oxic phase of these rates (Winfrey and Ward 1983) . In our ex-unregulated experiments (down to an 0, periments, where sulfate was abundant until concentration of -100 PM in winter and 10 deep in the sediment, methane formation PM in fall), the corrected flux of total carcan be neglected. Cl* production might be bonate was constant and close to the C,* affected if there were a change of the bio-flux in the regulated chambers (Table 1) . mass of chemoautotrophic bacteria during The decreases in oxygen and pH apparently the experiment, but maintaining O2 and pH do not influence the production rate of Ct*, near ambient values should minimize any in sharp contrast to fluxes of redox-sensitive change from the initial biomass. Since Cl* elements (Sundby et al. in press; Westerlund production was constant over such long pe-et al. in press). The constant Cl* production riods, mineralization was not limited by the and the nearly constant 0, consumption supply of organic matter during these pe-down to -100 PM indicate that in situ oxyriods, and we may assume steady state con-gen consumption and Cl* production can ditions. The constant C* production rates be reliably measured in a closed system, untherefore show that Cl* can be used as a regulated flux chamber. A general rule canmeasure of total benthic mineralization. The not however be given for the onset of non-C, and A, results from the third chamber of linear behavior, since it depends on chamber the winter experiment are included in Table design and sediment oxygen demand (Hall 1 to give an estimate of the reproducibility.
1984).
Flux of total carbonate from the porewater-By using Fick's first law of diffusion, adapted to sediments (Berner 1980) , and measured values of 0.8 for porosity and 10.7 x 1 O-6 cm2 s-l for the effective diffusion coefficient (Rutgers van der Loeff et al.
1984), we can calculate the diffusive Ct flux
Carbon-to-oxygen ratio and anaerobic respiration-The ratio of C,* production to 0, consumption was close to 1.3 in both experiments (Table 1) . Although the ratio of C,* production to O2 consumption by a benthic community can be used to estimate the extent of anaerobic respiration, one needs to know the respiration coefficient of the mineralization process in order to calculate what part of the measured Ct* production is due to the measured O2 consumption. Uncertainties in the respiration coefficient result in relatively large uncertainties in the calculated rate of anaerobic respiration.
The relationship between the consumption of electron acceptors and the production of Ct* is determined by the composition of the organic material that is decomposing and by the end products of the mineralization process. Organic material can be thought of as consisting of carbohydrates (CH20), lipids (CH,), proteins (NHCH,CO), and phosphate ester groups (CHP04M) and can be represented by the following model substance (cf. Dyrssen 1977):
(CH,>,(CH,O),(NHCH,Co),(CHPO,M). For the carbon budget the phosphate ester group is negligible and can be omitted. Oxidation of this material with molecular oxygen proceeds through reactions l-4 (Table  2 ). Other electron acceptors may replace oxygen in reactions l-3. Table 2 also lists the shifts in alkalinity that occur when oxygen is used or replaced by equivalent amounts of other electron acceptors in each reaction. Considerable alkalinity is produced when CaCO, dissolves (reaction 5 in Table 2 ). Oxidation of reduced species at the sediment surface consumes alkalinity. Alkalinity data are used later as an alternative way to distinguish between aerobic and anaerobic respiration.
From Table 2 , we see that the oxidation of (x + y + 22) carbon requires (1.5~ + y + 1.52) oxygen equivalents if all protein nitrogen is converted to NH4+, and (1.5x + y + 3.52) oxygen equivalents if the nitrogen is nitrified to N03-. It is clear that the amount of oxygen equivalents required for the production of total carbonate depends on the C : N ratio and on the lipid : carbohydrate ratio in the organic material. In oceanic plankton the elements C, N, and P occur in the atomic ratio C: N: P = 106 : 16 : 1 according to the classical Redfield-Ketchum-Richards model, giving a C : N atomic ratio of 6.6. During the decay of organic matter proteins are preferentially used over carbohydrates and lipids, increasing the C: N ratio of the residual organic matter with time. Also, the C : N ratio in coastal sediments is higher than in oceanic sediments due to terrestrial input of organic matter with a relatively larger cellulose content (Miiller 1977) . C: N atomic ratios in coastal sediments are often of the order of 10 and frequently as high as 17. In our experiments, the C : N atomic ratio increased from 9.3 at the surface to 13.4 at 20-cm depth in the sediment (Sundby et al. in press ). The C: N ratio of the organic material being decomposed during our experiments is probably somewhere between the Redfield-Ketchum-Richards ratio (6.6) and the ratio in the organic matter present at the sediment surface (9.3). The lipid : carbohy- drate ratio varies significantly with the relative contribution of plants and animals to the organic matter pool. Roughly, plants have relatively more carbohydrate and animals more lipid (Parsons et al. 1977) . The theoretical ratios of electron acceptor consumption (expressed as 0, equivalents) to total carbonate production (C,*) obtained when model substances of different carbohydrate : lipid and C : N ratios are mineralized are given in Table 3 . The amount of electron acceptor consumed during the incubations can be estimated from the observed fluxes of Cl*, NH4+, and N03- (Table  l) , if it is assumed that all excess nitrogen is nitrified and subsequently reduced to N2.
The difference between this estimated consumption of electron acceptors and the observed oxygen consumption during the oxic phase of the unregulated experiment gives an estimate of the anaerobic respiration (Table 4) . In our experiment, where the C: 0 ratio is about 1.3, the uncertainty in the composition of the organic matter, especially in the carbohydrate: lipid ratio, results in a relatively large range for the estimated anaerobic mineralization rate. When C: 0 ratios of 4 are measured, however (Hargrave and Phillips 19 8 l), the choice of the respiration coefficient is obviously much less significant.
Anaerobic respiration and total alkalinity-Interpretation of the C : 0 data must be consistent with the data on total alkalinity (A,) . Aerobic mineralization leads to only a small increase in A, or, if nitrogen is nitrified, even to a decrease. All anaerobic mineralization processes, on the other hand, produce alkalinity. After correction for alkalinity changes brought about by CaCO, precipitation/dissolution (reaction 5), A, production can thus be used to make a qualitative estimate of the extent of anaerobic mineralization (cf. Balzer and Wefer 198 1). In our experiment, A, production during the oxic phase in the unregulated chambers was 6.0 mmol m-2 d-l in winter and 9.9 in fall (Table 1) . From the production of ammonium, nitrate, and Ca2+ we would expect A, production of only 0.1 and 2.1 mmol m-2 d-l, if oxygen were the only electron acceptor (reactions l-5). This suggests a substantial contribution from mineralization by other electron acceptors. Calculation of the relative contribution of these electron acceptors to mineralization and alkalinity production, as made by Kuivila and Murray (1984) , was not possible with our data since consumption and accumulation of particlebound redox species within the sediment have not been measured.
Anaerobic respiration and reduced sulfur accumulation-When high rates of anaerobic mineralization occur in marine sediments, sulfate is the major electron acceptor as long as it is not depleted. A large part of the sulfide produced is re-oxidized to elemental sulfur or sulfate (80 to 95%: Jorgensen 19 8 2), but the net contribution of sulfate reduction to mineralization results in an accumulation of reduced sulfur compounds in the sediment. Release of gaseous sulfur to the overlying water amounts to only 0.15 mol S mm2 yr-1 even in a salt marsh (Steudler and Peterson 1984) . Conclusions on the extent of anaerobic mineralization should therefore be checked for consistency with data on the rate of sulfur accumulation. The contribution of anaerobic respiration reported by Hargrave and Phillips (198 1) corresponds to a sulfide accumulation rate of about 6 mol S me2 yr-l, which is high compared to literature values (0.4 mol m-2 yr-': Jorgensen 1977; 1.6: Goldhaber et al. 1977; <0.5: unpubl . data referred to by Howes et al. 1984) . It would be valuable to check such data with measurements of sediment accumulation rates and sulfur content. Our results (Table 4) correspond to a sulfur accumulation rate between 0.5 and 1.9 mol S m-2 yr-l.
The significance of CaCO,-In our experiments, the only significant flux of Ca2+ was observed in the unregulated chamber after oxygen had become depleted and pH had fallen to 7.4. As long as oxygen was present, the flux was negligible. Within the sediment, however, Ca2+ diffuses downward, as can be concluded from the porewater profile (Fig. 5) . Applying Fick's first law, as discussed above, to the Ca2+ concentration gradient, we obtain a Ca2+ flux of 2.8 mmol m-2 d-' from the sedimentwater interface downward into the sediment. Since the Ca2+ flux across the interface is negligible, this Ca2+ must be produced at the interface itself from CaCO, dissolution (assuming steady state). We calculated the saturation state of porewater and overlying water with respect to calcite according to Mucci (1983) and found oversaturation throughout the profile (Fig. 6) . We conclude that aerobic mineralization at the sediment surface and oxidation of Fe2+ to ~Fe3+ and HS-to SOd2-maintain a zone of low pH, much thinner than the resolution of our porewater profile. The existence of such a zone, corresponding in thickness to the oxygen penetration depth, was demonstrated with microelectrodes by Howarth and Jorgensen (1984) . In our experiments the low pH zone should then be 1 mm thick (Hall 1984) . The CaCO, content of the surface sediment must be resupplied from below by bioturbation.
Thus the turnover rate of CaCO, within the sediment can be important relative to the mineralization rate even when no significant efflux is observed. Changes in oxygen and pH in the overlying water and in oxygen penetration depth into the sediment during the incubation could easily disturb this dynamic system. Monitoring of the Ca2+ flux is therefore of special importance when incubations are made with unregulated chambers (see Fig. 3B ).
Production of total carbonate in the absence of oxygen-When the oxygen concentration becomes low, the production rate of Ct* decreases to a new constant value. This decrease occurred at an oxygen concentration in the overlying water of about 100 PM in our winter experiment and about 10 PM in our fall experiment. Oxygen uptake kinetics change in this concentration range from being reaction-controlled to being transport-controlled because the oxygen concentration at the bottom of the diffusive sublayer then approaches zero (Hall 1984) . The decrease in C,* production indicates that total benthic mineralization decreases when the sediment surface turns anoxic. It is well documented that the release rates of phosphate and often of ammonium from the sediment increase upon oxygen depletion (e.g. Holm 1978; Engvall 1978; Balzer 1978) . The phosphate fluxes result from the reduction of iron hydroxide, to which phosphate is bound. To explain the increased flux of NH',+, Balzer (1978) and Balzer et al. (1983) suggested that the death of all higher organisms would increase the microbial activity to break down this fresh organic material, thus increasing nutrient release. This may be true for the hydrolysis of P-and N-containing substances. However, in our experiments carbon mineralization actually decreased during this phase by about 60%.
The decreased mineralization rate measured under anoxic conditions should not be confused with the anaerobic mineralization rate under oxic conditions. Facultative anaerobes inhabiting the sediment surface layer use oxygen under aerobic conditions, but switch to other electron acceptors when oxygen is depleted, while strictly anaerobic bacteria, whose activity is inhibited by oxygen, become active.
Conclusions
The production rate of Ct* is a suitable measure of benthic mineralization in sediments where methane production can be neglected. The required correction for CaCO, dissolution or precipitation can be made from data on calcium release or uptake. The possibility of CaCO, dissolution at the sediment surface cannot be predicted from the saturation state of the bottom water with respect to calcite.
Measurements of Ct* can be used to compare benthic mineralization rates in the presence and in the absence of oxygen. The Cl* production rate in the presence of oxygen can be measured with an unregulated benthic chamber provided that the oxygen concentration does not fall below a threshold value. This value-100 PM 0, in our study-depends on sediment oxygen demand and on chamber design (Hall 1984) .
The results of simultaneous oxygen consumption and Ct* production measurements can be used to estimate the extent of anaerobic respiration. The estimate is uncertain because of uncertainties in the respiration coefficient (especially lipid : carbohydrate and, to a lesser extent, C : N) and should be checked for consistency with data on alkalinity production and sulfur accumulation rates.
